ABSTRACT. GPS data from stations around the Chaitén Volcano show a co-eruptive pattern of inflation and deflation that correlates well with the estimated effusion rate during the 2008-2009 eruption. Axisymmetric radial deflation is coeval with periods of fast dome growth and inflation is coeval with periods of mostly endogenous dome growth at lower rates. Non-volcanic basement appears to be involved in the ground deformation as was inferred previously from InSAR observations. Data are insufficient to conduct full source modeling, but simple models are compatible with those that are based on petrological and geophysical observations. These results suggest a strong coupling between the eruption dynamics and response of the surrounding basement, which was probably conditioned by its structural fabric and crustal tectonics.
Introduction
In tectonically active regions volcanic unrest may be dynamically coupled with crustal tectonics. For example, Aeolian volcanoes showed signs of unrest after the Palermo Mw 5.9 earthquake in 2002 (Walter et al., 2009) . Some years before in 1999, Cerro Negro Volcano, Nicaragua, erupted after a Mw 5.2 earthquake occurred in the near field (La Femina et al., 2004) . The Southern Andes are regarded as an archetypical orogen where active tectonics and volcanic activity appear to be linked (López-Escobar et al., 1995; Rosenau et al., 2006; Cembrano and Lara, 2009 ). Nostro et al. (1998) and references therein provided an extensive review of the two-way coupling between crustal tectonics and volcanic activity, whereas Cembrano and Lara (2009) proposed different long-term volcano-tectonic associations for the Southern Andes as evidence of such a link. This genetic connection between crustal tectonics and volcanism in Southern Andes is mostly related to presence of the Liquiñe-Ofqui Fault Zone (LOFZ), a long-lived intra-arc fault system running from Copahue Volcano at 38ºS to the Golfo de Penas at 47ºS (Cembrano et al., 1996) . Thus, plumbing systems and magma reservoirs seem to be coupled with their surrounding country rock; hence, deformation of basement rock could be a fundamental process that occurs before and after an eruption owing to volcanically induced pressure changes.
Although no instrumental data were gathered before the onset of the Chaitén eruption in May 2008, remote sensing data permitted analysis of deformation that clearly involved the basement. Wicks et al. (2011) modeled a complex basementembedded source to account for surface deformation measured from radar interferometry. Moreover, the main reservoir was inferred to be a collapsing sill nested on a crustal fault, which could be related to a pop-up structure of the LOFZ. Here we use shortterm velocities recorded by a small GPS network deployed shortly after the onset of the eruption in order to describe deformation that accompanied the eruptive cycle.
Tectonic setting and crustal deformation
Crustal deformation along the arc domain at this latitude (39ºS-46ºS) is mostly related to the LOFZ, a 1,200-km-long intra-arc fault system (Cembrano et al., 1996) . Although mostly known as a dextral strike-slip fault, recent studies have demonstrated a more complex kinematics of partitioned transtension and transpression over the last 25 m.y. (Cembrano et al., 2000; Folguera et al., 2004; Rosenau et al., 2006) . Ductile deformation as young as ca. 3.5 Ma is overprinted by widespread brittle deformation (Arancibia et al., 1999; Cembrano et al., 2000) . Kinematic analysis of fault-slip data documents a long-term, NE-trending maximum horizontal compression, consistent with the shortterm instantaneous compression indicated by focal mechanisms of some shallow crustal earthquakes along the fault zone (e.g., Barrientos and Acevedo, 1992; Legrand et al., 2011) . This kind of earthquake occurred close to the Aysén fjord ( Fig. 1) in April 2007 during a ca. 90 day seismic swarm along the master fault of the LOFZ (Legrand et al., 2011) .
A causal relationship between volcanic processes and crustal tectonics has been invoked for the long-term evolution of Southern Andes (Cembrano and Lara, 2009 and references therein) . In fact, PleistoceneHolocene stratovolcanoes and minor eruptive centers within the LOFZ are roughly organized into NW-, NS-NNE-and NE-trending alignments at a regional scale. The NW-trending volcanic alignments consist mostly of stratovolcanoes controlled by deep-seated, long-lived basement structures. NS-NNE aligments are typically clusters of small, symmetric Holocene pyroclastic cones sitting on top of the LOFZ master faults. In contrast, the NE-trending clusters of volcanic vents, minor eruptive centers and stratovolcanoes are associated with 'en échelon' tension fracture arrays, compatible with the long-and short-term NE-trending maximum horizontal stress axis. Chaitén Volcano lies in an apparent stepover of the LOFZ (Fig. 1 ) although crustal seismicity below the volcano depicts a NW-trending left lateral faulting as described by Lange et al. (2008) .
Geology of the Chaitén Volcano and local structure
Chaitén Volcano (42.8ºS/72.7ºW) is a small, arc-front volcanic center located in the Southern Andean Volcanic Zone (SVZ: 33-46°S; Fig. 1 ). Poorly known in the context of the SVZ, it had been thought that the last eruption occurred at ca. 9.4 ka (Naranjo and Stern, 2004) in a caldera-forming eruption. However, growing evidence (e.g., Watt et al., 2009; Amigo et al., 2013, this volume; Watt et al., 2013, this volume) suggests that products of some Holocene eruptions previously attributed to the neighboring Michinmahuida stratovolcano were sourced at Chaitén Volcano, and there is new evidence that historical eruptions have occurred (Lara et al., 2013, this volume) . Based on a geological reconnaissance, two volcanic units have been defined (SERNAGEOMIN-BGRM, 1995) : a Pleistocene, undifferentiated pre-caldera sequence, and a post-caldera rhyolitic dome. The latter was considered older than 5.6 ka based on ages from archeological sites where obsidian tools have been found (Stern et al., 2002) . The 3-km-wide caldera was in turn associated with an explosive event dated ca. 9.4 ka (Naranjo and Stern, 2004) . The older volcanic pile rests on a basement formed by both Miocene granitoids and Paleozoic schists and gneises (SERNAGEOMIN-BRGM, 1995; Fig. 2) .
Chaitén Volcano lies close to the the LOFZ main strand (Fig. 1) . A plausible local setting is that it lies along a LOFZ-related pop-up structure similar to that depicted in other areas (e.g., Cembrano et al., 2002) . Such a structure is consistent with structural data obtained from an east-dipping reverse fault found along the western boundary of this structure and along the master fault ( Figs. 1, 2 ; Piña-Gauthier and Vega, 2010)
1 . Wicks et al. (2011) proposed this reverse fault as an effective path for magma migration during the short period of unrest that preceded the 2008 Chaitén eruption.
Overview of the Chaitén Volcano and 2008-2009 eruption
On 2 May 2008 a large volcanic eruption began in the southern Andes without significant precursory activity (Carn et al., 2009) . In fact, only 36 hours of seismic activity were recorded by distant instruments, located more than 300 km away from the Chaitén Volcano. On 30 April, some large volcano-tectonic (VT) earthquakes with coda magnitude up to 5 were located roughly at 20 km from Chaitén Volcano . The number of large VT events reached up to 20 per hour on 2 May, coinciding with the first subplinian eruption which began approximately at 8:00 UTC (Lara, 2009; Major and Lara, 2013, this volume) . Seismicity declined abruptly by 3 May, but sustained ash emission continued until 8 May with several subplinian columns, the largest of which occurred on 6 May. The explosive phase of the eruption produced a total of ca. 0.5-1 km 3 (bulk volume) of rhyolitic tephra (76% SiO 2 ; Reich et al., 2009; Castro and Dingwell, 2009; Alfano et al., 2011) .
Extrusion of a rhyolitic dome began on about 12 May (Major and Lara, 2013, (Lange et al., 2008) . S1 foliation is also indicated to emphasize the structural fabric of the underlying basement.
September 2008, accompanied by low ash columns (<3.5 km altitude) and steam emissions. Dome extrusion was accompanied by weak (magnitude <3) but sustained seismicity with a new swarm of VT earthquakes that began in late June and continued through July. Random ash emissions occurred in July and August but as part of a long-term declining trend. By September 2008, seismicity waned, ash columns were no higher than 2 km, and the rate of dome growth was negligible (Pallister et al., 2013, this volume (Major et al., 2013, this volume) . After this episode of dome collapse, seismicity declined and little eruptive activity was reported. In March 2010 the red code alert was reduced to yellow. Total volume of the extruded rhyolitic lava was ca. 0.8 km 3 (Lara et al., 2009; Pallister et al., 2013, this volume) .
Pre-eruptive to co-eruptive deformation

GPS network and data processing
Only a sparse GPS network was installed in the Chiloé and Aysén regions before the onset of the Chaitén eruption in 2008 (Fig.1) . Campaign surveys, however, recorded a 6.5 mm/yr steady motion (right lateral) of the LOFZ during the past decade (Wang et al., 2007) . Because of the 2007 seismic swarm in the Aysén Fjord farther south (Legrand et al., 2011) , 10 new stations were deployed and continuous GPS measurements were obtained along the 43º-46ºS segment ). As part of this effort, four additional stations were installed around Chaitén Volcano after the onset of the eruption: one permanent station installed in July 2008 (CHAI, Fig. 1 ) and three temporary stations, with two repeated sessions of measurement (each one with 48 hours of observation), deployed between April and June 2009 (Fig.1) . Thus, the pre-eruptive period was covered only by distant stations. These remote stations showed subtle signatures of increased vertical displacement at the onset of the eruption (Piña-Gauthier et al., 2009) , but those signals cannot be directly linked with the precursory activity.
A Trimble NetRS was used for the permanent station (CHAI, Fig. 1 ) and Trimble 4000 SSE stations for campaign surveys. Data collected were processed using Bernese Software 5.0 (Dach et al., 2007) . In this process 10 regional stations of the IGS network were included. Precise orbit and Earth rotation parameters were used from IGS final products (Dow et al., 2009) . During the processing, the antenna phase center was reduced using absolute calibration, and double differences were modeled in L3 using elevation masks of 15°, owing to the configurations of mountains and a sampling rate of 30 seconds. To form the single differences, a phase strategy of maximum observations was used (OBS_MAX). No a priori troposphere model was applied. The troposphere parameters were estimated in all steps of parameter estimation. For the datum definition we used a minimum constraint approach, applying the No Net Rotation (NNR) and No Net Translation (NNT) conditions for a group of selected reference stations. Coordinates for each reference station were obtained from the global polyhedron weekly solution (Dow et al., 2009) . Our results are compatible with ITRF2005 (Altamimi et al., 2007) . Finally, horizontal and vertical displacements were estimated on a daily basis only for the permanent station (Fig. 3) . Ground deformation is reported here in terms of velocity or cumulative displacement.
GPS time series such as we obtained for the permanent station can be modeled using a wide range of statistical tools. Special attention must be paid to the scattering or 'noise', which could lead to an incorrect calculation of strain rates (e.g., Li et al., 2000) . However, considering the short time frame and the qualitative approach we have taken here, time series analysis was performed only for the vertical component using a simple approach (Fig. 4) . First, residuals were obtained from a linear regression over the entire dataset. The distribution of residuals (assumed to be normal) was used to identify possible outliers which were rejected using the Chauvenet's criterion (e.g., Taylor, 1997) . Linear regression by least squares was performed over the corrected dataset in order to obtain the average velocity and its uncertainty for each time window. Time windows were defined by visual inspection and correspond to natural breaks of the time series, supported by basic statistics. Goodness of fit is generally poor because of the scattering but acceptable for stages 1 and 4 (Table 1).
Pre-eruptive ground deformation
Four years before the eruption, a cluster of seismicity around Chaitén Volcano was detected by a temporary seismic network (Lange et al., 2008; Fig. 2) . Crustal events up to Mw 3.6 were recorded with two double-couple focal mechanisms that can be interpreted as strike-slip faulting along NWtrending vertical structures rooted on the basement (Lange et al., 2008) .
Distant GPS stations along the LOFZ appear to show subtle breaks in the vertical component of displacement at the onset of the eruption (Piña-Gauthier et al., 2009) . However, no systematic patterns of precursory deformation which could be related to inflation during the short buildup to the eruption FIG. 3 . Time series of displacement components for the station CHAI, located 10 km west of the active vent atop the crystalline basement. Uncertainty at 2σ level is indicated only for the vertical component. Horizontal components have an average uncertainty below 2.36 cm/yr and are not represented. Linear regression was performed for each distinct stage of displacement in order to obtain velocities for these time windows (see Table 1 ). The most unambiguous variation is observed in the vertical component, which allows definition of five stages in terms of the co-eruptive ground deformation.
are observed in the data from the closest station. On the other hand, no deformation was detectable in a limited number of ERS interferograms between 1993-1998 (e.g., Pritchard and Simons, 2004 , with data restricted to the summit caldera) or by ALOS interferometry between April 2007 and 16 April 2008 (Fournier et al., 2010) . Lack of detection of deformation during these periods suggests that any precursory deformation was minor or that it occurred less than 2 weeks before the eruption.
Co-eruptive ground deformation
Published data based on InSAR
Co-eruptive ground deformation in terms of vertical displacement (up to 50 cm from the satellite line of sight) is observed in descending mode ALOS interferograms between November 2007 and February 2010 (Wicks et al., 2011) . These authors propose a three-component source model accounting for both the observed deformation and two centroid moment solutions (Global CMT Project at http:// www.globalcmt.org) at the beginning of the eruption. Building on a previous hypothesis (e.g., Lara et al., 2008) , Wicks et al. (2011) suggested that diking, and hence crustal tectonics, played a key role in the rapid onset of the eruption. In this model, three bodies (a deep NE-dipping sill or reservoir, a near vertical NE-trending dike and a narrow, vertical lathlike conduit) account for the observed deformation. Deformation of the NE-dipping sill was responsible for most of the signal.
Deformation based on GPS data
The most complete GPS time series can be retrieved from the CHAI station, which was installed in Table 1 .
July 2008, two months after the onset of the eruption (Figs. 3, 4) . This station recorded deformation during and subsequent to the period of rapid growth of the new dome complex Pallister et al., 2013, this volume (Fig 3) . Shortly after the onset of the eruption the horizontal velocity (Table 1) was even one order of magnitude greater than the long-term, background transport of the forearc sliver controlled by the LOFZ (Wang et al., 2007; Piña-Gauthier et al., 2009; Báez and Bataille, 2009) . Distinct variations of the time series are clear for each displacement component at station CHAI (Fig. 3, 4) . Stage 1 corresponds to the phase of exogenous lava flow described by Pallister et al. (2013, this volume) when the highest growth rates were observed. Stages 2 and 3 correspond to the phase of spine extrusion, accompanied by endogenous dome growth (Bernstein et al., 2013, this volume; Pallister et al., 2013, this volume) . Stage 4 corresponds to a phase of mostly endogenous dome growth (Pallister et al., 2013, this volume) , and stage 5 is the clearly defined waning stage of the eruption. From May to September 2008, average horizontal displacement strikes NE (Fig. 5) , and the vertical component of displacement depicts a high rate of subsidence (-5.75±2.79 cm/yr; Table 1 ; Figs. 3, 4) . This period was characterized by a high rate of magma discharge; the dome was growing at >30 m 3 /sec during May to July 2008 with a peak >60 m Values obtained by least squares regression (see text for details). Positive sign for upward vertical displacement, and for north and eastward horizontal displacement. Goodness of fit is shown in parenthesis as R 2 , the linear correlation coefficient (only reported for the permanent station CHAI). Deformation regime is defined qualitatively in terms of the vertical component at CHAI station.
by endogenous growth (Bernstein et al., 2013, this volume; Pallister et al., 2013, this volume) . By September 2008, the extruded volume of lava was ca. 0.5 km 3 and it accumulated at rates at ca. 15 m 3 /sec toward the end of this period. A minor but progressive increase in the vertical component of displacement (1.89±1.41 cm/yr) is observed until 19 February 2009, when a large collapse occurred at the dome complex (Major et al., 2013, this volume; Pallister et al., 2013, this volume) . Repeated explosions, rock falls and a persistent high level of seismicity were observed at that time (Lara, 2009; . A remarkable change occurred after the dome collapse in February 2009, with horizontal displacement oriented toward the SSE and rapid subsidence of -9.46±0.81 cm/yr (Fig. 4) . Subsidence is evident until early June 2009 (Fig. 4) , at which time the three components of displacement at CHAI stabilized.
The three temporary GPS stations (Fig. 5) were installed for three months from April to June 2009, but the data are insufficient to display a time series. However, they do show a roughly radial pattern of horizontal displacement toward the volcano (Fig. 5) , which is coeval with the sharp subsidence at CHAI in the same period. The waning stage of the eruption was also marked by a decreasing level of seismicity and spectral radiance (as reported by MODVOLC algorithm; Wright et al., 2004) at the dome complex (Fig.6 ).
Discussion
Surface deformation at volcanoes is thought to be a signal of both unrest and eruption processes. It is a function of several unknowns such as magma volume, physical properties of magma and country rocks, and tectonic setting. In particular, the role of basement structure and crustal faulting are poorly understood.
For the 2008-2009 eruption of Chaitén Volcano there is compelling evidence of basement involvement at large scale. In fact, early co-eruptive deformation was modeled with a reservoir nested along a NE-dipping plane (Wicks et al., 2011) , which can be ascribed to a pop-up structure of the LOFZ (Fig. 2) . Inflation Table 1 for details). Correlative numbers refer to these stages (see text for details). Note the roughly radial but asymmetric pattern of horizontal velocity.
FIG. 6.
Complementary time series of various eruption data displayed for comparison with the vertical component of displacement measured at station CHAI. Spectral radiance is reported as NTI (Normalized Thermal Index) from the MODIS sensor through a 1 km pixel automatic detection algorithm (Wright et al., 2004;  http://modis.higp.hawaii.edu/). Daily seismicity was compiled from the public reports released by SERNAGEOMIN (www.sernageomin.cl) and includes mostly events (VT/HB) with M>1. The cumulative extruded volume and resulting growth rates are from Pallister et al. (2013, this volume) .
and subsequent collapse of this sill-like magma body solved the observed InSAR signal at the beginning of the eruption. Our GPS data build upon this model and show that basement structures responded with uplift and subsidence which are well correlated with magma withdrawal and possible replenishment of the reservoir. Despite the poor spatial resolution of this analysis, a time series of displacement from the only permanent GPS station around Chaitén (CHAI) shows distinct phases that mimic those of the spectral radiance (a proxy for the surface temperature) and seismicity (Fig. 6) . Moreover, patterns in the vertical component of surface displacement at CHAI correlate well with variations in the rate of lava effusion calculated for the eruption (Fig. 6 ). In fact, rapid downward displacement at the early stage of station deployment is coeval with the highest extrusion rate. Weak upward displacement corresponds to an unstable period of possible magma replenishment, which sustained a low rate of dome growth that culminated in a major collapse in February 2009. This collapse episode was followed by a period of renewed dome growth, which was also accompanied by subsidence of the basement (Figs. 3, 4) . Final stabilization of the GPS signal in July 2009 coincides with a lack of significant thermal anomalies, a sharp decrease in seismicity, dominated at this time by shallow hybrid events ), intense gas steaming, and small, minor explosions. Our data lack the spatial and temporal resolution required to fully characterize the geometry and magnitude of the volumetric expansion and contraction at the source. However, data from both permanent and temporary stations yield some insight. For instance, vertical displacement at CHAI can be correlated with the rate of lava effusion as determined from volumetric changes in the dome, and hence related to inflation and deflation at the source. Cyclic patterns of dome growth have been correlated with deformation data from GPS at Soufrière Hills Volcano, Montserrat, with deflation during periods of dome extrusion and inflation during times of quiescence (Mattioli et al., 1998; Wadge et al., 2006) . At Chaitén Volcano, horizontal displacement is toward the vent during times of deflation and away from the vent during inflation. Temporary stations showed a roughly radial pattern of horizontal displacement, although contrasting magnitudes of displacement suggest a displacement gradient that is most probably related to complex geometry at the source and the pattern of magma migration (Fig. 5) . Source geometry cannot be solved with our data, but simple source models can be tested. A single Mogi source (Mogi, 1958) or a dipping point crack (e.g., Davies, 1983) at 10 km depth with a radius of ca. 0.25-0.5 km could fit the GPS data. The latter source model is closer to the geometry inferred from InSAR modeling by Wicks et al. (2011) , which may imply that magma intruded along the regional tectonic fabric and sheared splay faults of the LOFZ. Whatever the process at the source, the co-eruptive InSAR model (Wicks et al., 2011) is supported by our GPS data, and both sets of data describe patterns of inflation and deflation that correlate with other proxies of eruptive behavior.
Conclusions
Both permanent and campaign GPS stations installed around Chaitén Volcano recorded patterns of deformation that can be related to eruptive processes. Observed radial, but asymmetric, patterns of horizontal displacement are compatible with a dipping sill as the main magmatic source as inferred from InSAR modeling by Wicks et al. (2011) . The vertical component of displacement at the continuous GPS station correlates well with estimated variations in extrusion rate (Pallister et al., 2013, this volume) . That signal can be interpreted as reflecting inflation and deflation of the source at depth. Geometry of this source is poorly constrained, but it could be related to the basement structure controlled by the LOFZ.
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